Previous studies showed that metals in the β-domain of metallothionein (MT) are more readily exchangeable and the level of avidity is site specific. This is reflected by energy differences computed with a series of simulated structures derived from X-ray crystallography. In this study, we examined further the contribution of each of the nine cysteines in the β-domain. 
Introduction
Unlike most metalloproteins which bind metals through finger or twist structures, metallothionein (MT) interacts with metals through its two domains, each a metal binding cluster (Vallee and Auld, 1993) . Consisting of 61 amino acids, MT in its native form binds seven divalent transition IIB metal ions via tetrahedral coordination with 20 highly conserved cysteines (Cys, C), as it is devoid of histidine and aromatic residues. Eleven of the 20 Cys are present in the carboxyl half, the α-domain, and the remaining nine in the amino half, the β-domain. The coordination of each metal ion is through the sulfur of Cys, forming a tetrahedral tetrathiolate structure (Schultze et al., 1988; Robbins et al., 1991) . Some of the Cys, such as three of the nine Cys in the β-domain, are bridging Cys, binding two metal ions, while the others are terminal Cys, each linking a single metal ion (Kägi and Schäffer, 1988; Chernaik and Huang, 1991; . Four of the metals (M1, M5, M6, M7) are found in the α-domain and three (M2, M3, M4) in the β-domain (Otvos and Armitage, 1980; Boulanger, et al. 1983; Nettesheim et al., 1985; Otvos et al., 1993) . The binding strength for individual metals to this protein at each site is unknown.
It is known that the overall metal affinity with MT varies with the species (Nielson and Winge, 1983; Kägi and Schäffer, 1988) . For divalent metals, the order Cd Ͼ Zn Ͼ Co has been attributed to the differences in the size of the metals and their dissociation constants (Pountney and Vašák, 1992; Kille et al., 1994) . Mammalian MTs usually exist in a Zn 7 form, but can be completely replaced by Cd, forming a Cd 7 MT. Interestingly, when obtained from organisms exposed to Cd, mixed-metal MT in the form of Zn 2 Cd 5 has been observed (Nielson and Winge, 1983; Good et al., 1991; Pountney and Vašák, 1992) . Structural data derived from X-ray crystallographic analysis indicate that both of these two Zn metal ions reside in the β-domain (Robbins et al., 1991) , indicating that there is a preference of sites for specific metals to bind in spite of a general tetrahedral coordination through the Cys.
While high-level ab initio calculation of the entire metalbound metalloprotein has not yet been shown to be feasible, designed mimic of suitable regions in the binding domains of a protein can be used to reconstruct the dynamics of the whole protein. This is demonstrated in studies analyzing the reactive sites of various proteins/enzymes (Warshel and Levitt, 1976; Field et al., 1990; Kollman, 1993; Hwang and Pan, 1995; Chang and Huang, 1996) . By semi-empirical MOPAC93/ MNDO-PM3 calculation (Dewar and Thiel, 1977; Stewart, 1989 Stewart, , 1991 Stewart, , 1993 , we showed in a previous study that the preference for binding sites by Zn and Cd in one, but not both, of the two metal binding domains of metallothionein could be explained on the basis of energetics (Chang and Huang, 1996) . The preference may be caused by the size of the metal ions and/or the thiolated binding affinity. We applied this principle further in the present study to estimate in the β-domain of MT the binding energy between Cys residues located at specific sites and Zn/Cd, two naturally bound divalent metal ions.
Materials and methods
As was done previously (Chang and Huang, 1996) , coordinate data from X-ray diffraction [Robbins et al, 1991; Brookhaven Protein Data Bank (PDB) ] was used to reconstruct the β metalbinding cluster independent of α in this study. This was done by first removing all amino acid residues, except for the those of the Cys which coordinate specific metals in question, while restraining the other atoms at their original positions to preserve the cluster structure. The hydrogen and oxygen atoms removed or not present were then returned by QUANTA (version 3.3.1), followed by relaxation with CHARMm (version 2.2) (Brooks et al., 1983; MSI Co.) . Hence the calculated cluster maintains nine individual Cys binding three metal ions.
The calculations were carried out with the MNDO method (Dewar and Thiel, 1977) using the semi-empirical quantum chemistry MO package MOPAC93 (Stewart, 1993) with PM3 parameters (Stewart, 1989 (Stewart, , 1991 . The MNDO calculations were carried out on the β-clusters with 120 atoms and a total net charge of -3. Since only sulfur and metal atoms were optimized for a fixed configuration, eight conformers of the β-cluster could be configured, with all possible combinations of either Zn(II) and/or Cd(II) at three sites. It took about 5-10 min of CPU time for each partial fixed configuration on an SGI POWER Challenge computer.
The binding strength between each metal ion and a specific Cys residue was measured by the heat of formation in a process of molecular teasing. Each terminal Cys was teased toward or away from the metal along the direction of binding to sulfur by pushing or pulling, generating new conformations every 0.2 Å apart until the residue was away from the original position by 1 Å for pushing and 3 Å for pulling. The teasing was then jumped to 4-5 Å and the stability of the relative energy difference was checked. Similarly, each bridging Cys was pushed or pulled along the combinatorial vector of the metal ions linked, generating a series of new conformations every 0.2 Å until the residue was away from the original position by 1 Å for pushing and 3 Å for pulling. The teasing was then jumped to 4-5 Å away to check whether the relative energy difference remained stable or not. The total number of conformers possible with different combinations of Cd/Zn linking to different residues of Cys is 2304. The heat of formation, ∆H f , required in the generation of each of the structures as obtained from MOPAC by MNDO-PM3 calculation contains four energy terms:
where E elect is the total electron energy, E nuc core-core repulsion energy, E isol (A) energy required to ionize valence electrons of the atoms involved and E atom (A) heat of atomization (Stewart, 1993) . From the relative energy difference between the initial and final teasing point at which energy no longer changed, the order of binding strength was established.
Results
The results of computation for the binding strength between Cd and Cys in the β-cluster conformers are as follows.
Cd 3 conformers
The average binding strength between a given Cys and Cd in a Cd 3 -β-domain varies from residue to residue. The relative energy change of the Cys residues can be classified into two groups: terminal, C5, C13, C19, C21, C26 and C29; and bridging, C7, C15 and C24. Among terminal residues the highest energy difference was observed in C21 and the lowest in C19, differing by 36.33 kcal/mol (Table I) . Among bridging residues the highest energy difference was observed in C15 and C24 and the lowest in C7, differing by about 26.07 kcal/mol (Table I ). The relative energy difference of each residue will change with distance, gradually reaching a characteristic constant range, 2-5 Å away from the initial conformation (Figure 1 ). (Table I) . The relative energy difference of each conformer is unique. For those involving zinc binding the change flattens after certain distance points. In Zn[M2] conformers, the lowest energy pulling point is at its original site for C29, at 0.2 Å for C19 and C24, at 0.4 Å or C5, C15, C21 and Cys26, at 0.6 Å for C13 and at 0.8 Å for C7. In Zn[M3]conformers, the lowest energy pulling points are at 0.2 Å for C13 and C15, 0.4 Å for C5 and C7, 0.6 Å for C19 and C24 and 0.8 Å for C29. For C26, it is -0.2 Å and for C21 it is at the origin. In Zn[M4] conformers, the lowest energy conformers at different pulling points are 0.2 Å for C5, 0.4 Å for C24, 0.6 Å for C7, C 13, C15 and C26, 0.8 Å for C19 and C29 and -0.4 Å for C21. Zn 2 ,Cd 1 conformers The total binding energies of all Cys of the conformers with Cd located at M2, M3 and M4 are 577.96, 562.84 and 624.67 kcal/mol, respectively. In Cd[M2] conformers, the residue with the highest energy change among Zn binding terminal residues is C26 and the lowest is C5, with a difference of 37.08 kcal/mol. In Cd[M3] conformers, the highest energy change residue is C29 and the lowest C5. The energy difference between these two residues is 25.48 kcal/mol. In Cd[M4] conformers, the highest energy change was observed in C26, a terminal Cys residue, and the lowest in C19, with a difference of 38.25 kcal/mol (Table I) .
Among the Cd[M2] conformers, the lowest energy states well observed at different pulling points. C5, C7, C13, C15 are located at 0.2 Å, C24, C29 and C19 at 0.4, 0.6 and 0.8 Å, respectively, C21 at -0.4 Å, and only the C26 is at the initial site. Among Cd[M3] conformers, the lowest energy state was observed at 0.2 Å for C5, C19 and C24, 0.4 Å for C7, C13 and C15, 0.8 Å for C26, -0.2 Å for C21 and at the initial position for C29 (Figure 4b ). In Cd[M4] conformers, the lowest energy was also observed at different pulling points for different residues, at the origin for C26 and C29, 0.2 Å for C5, C13, C15, C19 and C21 and 0.4 Å for C7 and C24.
Zn 3 conformers
The average binding strength between Cys and Cd in the Zn 3 -β-domain and the relative energy change vary from residue to residue. The relative energy change of the residues can be classified as bridging (C7, C15, C24) and terminal (C5, C13, C19, C21, C26 and C29) residues. The energy change of the bridging Cys is much higher than terminal Cys, especially for C15, which is the highest. Among the terminal Cys, the highest energy change was found in C26 and the lowest is C5, with a difference of 40.60 kcal/mol ( Table I) .
As with other conformers, the relative energy change for each of the Zn 3 conformers shows a characteristic response curve with reference to the original state, reaching a plateau after a certain distance point (Figure 2 ). The lowest energy states for C5, C7, C13, C15, C19 and C24 are located at 0.2 Å, for C29 at -0.2 Å and for C21 at -0.4 Å. Only C29 is at the initial site.
Discussion
For a protein bound to metals at multiple sites, it has been difficult to determine experimentally the binding strength of each individual linkage. Although quantum molecular simulation is useful for measuring the binding strength between two molecules, its application to macromolecules has been limited.
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It is recognized that calculation with QM/MM is generally more exact for the estimation of energy level than other pure MM (molecular mechanics) methods, but much more computational time is needed when a sizable region is involved. For this reason, QM/MM is particularly suitable for enzymatic domains, focusing on a relative small model QM region. When multiple metal binding sites are clustered within a small region of the MT structure, individual putative QM regions cannot be readily divided. In our study on MT, the QM/MM approach was avoided because the multiple metal binding sites overlap.
The present study has taken advantage of the presence of distinct domains in MT in which defined features of metal coordination can be established and the structures mimicked. Thus the binding energy between metal ions and the residues which they bind can be readily measured, even though the paths for each metal ion to be released from the deep inner pocket of MT to its free form may not be simulated. We have thus developed here a way to estimate the binding strength between a given Cys residue and the metal ion that it binds. Each Cys involved would be teased by pushing toward or pulling away from the metal along the direction of its thiolate coordination, at incremental distances, while observing the changes in terms of relative energy difference, until the relative energy reaches a constant level. The binding energy is then obtained by measuring the difference between the initial and the transient conformations, especially at the point where its relative energy change reaches a steady state. The binding energy in conformers composed of the same atoms and binding to the same metal ions but differing in binding sites can then be compared.
We have not obtained the absolute binding energy between individual sulfur and metal atoms in the metal binding cluster, since the value may be affected by the position of the Cys. However, as a theoretical reference, the literature values for sulfur and Zn/Cd binding to halides in the gaseous phase were useful for an estimation. This was done by taking the summation of energies for dissociation between Zn/Cd and F/Br and S and F/Br, subtracting from them the bond formation energy of F 2 /Br 2 (Huheey, 1978) . Based on Br interaction, we were able to estimate that the binding energy for Zn and S is 70.75 kcal/mol and for Cd and S 64.55 kcal/mol. On the basis of F interaction, the binding energy for Zn and S is estimated to be 126.6 kcal/mol and for Cd and S 109 kcal/mol. In our simulation model, most of the relative binding energies computed between Zn and Cys are within the range of these estimates, with the binding energies for Cd generally lower in value. It is possible that the difference is caused by site specificity in our reconstruction, as the binding energy between metal ion and Cys involves more than a simple deduction from metal and sulfur interaction and depends on the Cys positions. An example is the large energy difference between C21 and C19 for certain metal sites (Table I) . Furthermore, over-relaxation of the structure may cause non-convergent energy iteration during the calculation. Convergence apparently relies on the fixation of the majority of atoms in the molecule, allowing only the sulfur and metal ions of concern to relax (Chang and Huang, 1996) . It seems that while the relative energy obtained may not be exact, the trend shown in our model between different conformations is informative. The solvent effect is important in protein systems and so 44 was examined. In our previous study, it was shown that inclusion of the solvent effect does not change the energy trend in our calculation model (Chang and Huang, 1996) . The metal binding clusters in MT may be so deeply embedded that the enormous change in energy due to the solvent seen in a single conformation is not obvious as far as the relative energies between different conformations are considered. Hence, in this study, calculations were performed for the gaseous phase, with the assumption that the solvent effect is negligible. With the assumption made above, the results obtained in this study indicate that the Cd preference for specific Cys residues in the β-cluster of MT can be ordered according to the relative binding strength. For terminal Cys, the order is C26 Ͼ C29 Ͼ C5, C13, C21 Ͼ C19 (Figure 3a) . The bridging residue is up to two times higher in binding energy than the terminal Cys. The order of preference for Cd is C21 Ͼ C26, C13 Ͼ C5 Ͼ C29 Ͼ C19 (Figure 3b) . Similarly, all bridging Cys show higher binding energies than terminal Cys, except C7. From these orders, it becomes clear that each bridging Cys binds more tightly with Zn than the terminal Cys. All bridging Cys also bind Cd tightly, especially for C7.
In the mixed metal clusters we find that the average binding energy for each of the Cys is similar, suggesting that the structure of one mixed Zn/Cd conformer does not differ dramatically from another mixed Zn/Cd conformer. The relative binding energy difference in the mixed metal clusters, however, cannot be ignored. (Chang and Huang, 1996) and by crystallography (Robbins et al., 1991) .
It should be pointed out that the manipulation of one given mercaptide bond in a metal binding cluster may generate such a stress to the overall molecule that other changes are made to compensate for the alteration. It is possible that Cys residues which show the highest energy change with the teasing-pulling process bind metal most avidly. Substitution of these Cys would change the structural stability, and even the function, of their metal binding cluster. It is also possible that tight binding between a metal ion and a given Cys residue contributes to the stabilization of the metal cluster structure, reducing the conformation energy. Our results suggest that in all the Cd β-clusters, only two terminal Cys residues, C21 and C26, but all of the bridging Cys are critically involved in metal coordination. By the same token, our results suggest that only two terminal Cys residues, C26 and C29, along with all of the bridging Cys, are critical in the all Zn β-cluster owing to a difference in binding energies.
The usefulness of simulation rests with its experimental complementation. The predictions made in this and previous studies (Chang and Huang, 1996) are generally consistent with the experimental observations. An early observation by Kägi and Valle (1961) recognized that the α-domain is relatively more stable than β in MT and recent studies also showed that α is indispensable for Cd binding . The fast exchange rates of Cd between M2 and M3, but the considerably slower rates between M2 and M4 or M3 and M4, were noted by Otvos et al. (1980 Otvos et al. ( , 1993 . That Cd1Zn2, Cd(M4)Zn(M2,M3) is the most stable conformer in a mixed metal cluster has been suggested by X-ray crystallography (Robbins et al., 1991) . Instability of M3 for Cd was seen by 111 Cd and 113 Cd NMR analyses (Boulanger et al., 1983; Nielson et al., 1985; Otvos et al., 1989; Gan et al., 1995) . The importance of C50 for the α-domain and C21 and C26 for the β-domain has been demonstrated by studies using site-directed mutagenesis, bridging Cys are more important than terminal Cys in metal binding and perturbation of the relative positions of certain Cys residues in an isolated α fragment showed no major effect on its stability and Cd binding (Yamasaki et al., 1997) . It is anticipated that in terms of relative binding energy between metal and Cys in molecules with multiple binding sites, our simulation model can be generally applicable to other metalloproteins.
While our study of metal binding with MT lends credence to the validity of simulated energy computation, the semiempirical method we adopted may be extended to the rational design of structure/function studies in which specific ligandbinding residues would be systematically substituted in order to elucidate their role in the formation of a protein. The practice of mutagenesis in vitro is thus in principle feasible and desirable. The extension of its use in predicting ligandprotein interactions should have wide implications.
